Since 1978, the oxygen sensor has been improved for the determination of the dissolved oxygen less than 50 ppm in order to control the precise content of Al in killed steel in Japan as well as in other countries. The present authors have studied on the oxygen sensor for molten slag and the long-life oxygen sensor developed as monitors of the oxygen pressures in molten iron and slag in a converter, a tundish of continuous casting and a blast furnace. The present report gives the authors' investigation on the number of the oxygen sensors consumed by ten Japanese steelmaking companies in the years 1977, 1980 and 1982 with the examples of new applications of the oxygen sensor.
I. Introduction
In the year 1982, about 323 000 pieces of oxygen sensors were consumed in ten Japanese steelmaking companies. On the average, one oxygen sensor was used per about 300 t of crude steel produced in Japan in 1982. A large number of the oxygen sensors have been used in order to determine the content of oxygen dissolved in molten steels in ladles during Ar-bubbling, RH or DH treatment and in BOF's or in tundishes of continuous casting. Thus, the amount of deoxidizers to be added has been determined so precisely that the contents of both oxygen and aluminum dissolved in molten steels can be very stably controlled.
In Japan, the technique of the oxygen sensor as a quick analyser of oxygen content in liquid steel has been established by metallurgists in the steel companies. The details of the development until 1977 were reported by Goto into the 61st Conference of the National Open Hearth and Basic Oxygen Steel at Chicago, U.S.A. in April of 1978.1) A new application of the oxygen sensor for steelmaking after 1978 is to measure the content of the dissolved oxygen less than 50 ppm for the more stable and precise determination of Al content in Al-killed steel cast via. continuous casting. The other new applications investigated by the present authors are to monitor continuously or semi-continuously the oxygen pressures in molten steel and slag in a tundish of continuous casting, a BOF and a blast furnace.
In the following sections we present a brief history of the oxygen sensors for steelmaking in Japan and the new applications of the oxygen sensor after 1978.
II. A Brief History of the Development of Oxygen Sensor for Iron and Steelmaking in Japan In 1966, Matsushita and Goto2~ reported a study on the change in the oxygen potential in molten iron after the addition of deoxi.dizers, using the solid electrolyte of Zr02-CaO, which had been invented by Kiukkola and Wagner3) in 1957. They showed the possibility to use the oxygen concentration cell with Zr02-Ca0 as a quick analyser of oxygen dissolved in molten iron.
Since the beginning of the 1970's, Japanese steel industries have equipped continuous casting machines and the rate of crude steel case via. CC-route has increased. Then the deoxidation control of molten steel in ladles has been very important. The oxygen sensor as a quick analyser of the dissolved oxygen in molten steel is much more advantageous than the chemical analysis of the total oxygen in the steel. Then the metallurgists in Keihin Works of Nippon Kokan K.K. and Hirohata Works of Nippon Steel Corp. developed the consumable types of the oxygen sensor for industrial molten steel.' Since 1977 a great number of oxygen sensors have been used for the " on line " measurement in steelmaking processes in Japanese steel companies. As shown in Fig. 1 , the consumption of the oxygen sensors in Japan has increased very rapidly in the past five years with a rate of 60 000 per year. The consumptions were 31 044 in 1977, 185 510 in 1980 and 323 405 in 1982. In Table 1 The long-life oxygen sensor has been wanted for a long time in order to monitor the oxygen pressure and to depress the cost of an oxygen sensor against the price of steel. In 1978, Lindenberg and Meierling15) successfully measured the oxygen pressure in molten iron in a VOD of 80 t during about 3 h in the decarburization operation. In 1980, Etsell and Alcock16~ also measured the oxygen pressure in molten steel in a tundish of continuous casting during maximum 3.5 h. In these two experiments, the one-end-closed tubes of Zr02-MgO or -CaO were buried in the wall of the VOD or the tundish. These types of the longlife oxygen sensors do not seem to be convenient for exchange. Ohashi17~ in Hirohata Works of Nippon Steel Corp. has investigated the long-life oxygen sensor dipped in molten steel in a tundish of continuous casting. Also, Nagata et a1.18~ have developed the Table   1 . Number of the oxygen (This investigation was sensors consumed from January to December in 1982 by ten Japanese steel mady by K. S. Goto and K. Nagata in February, 1983.) companies.
long-life oxygen sensor for molten slag and pig iron flowing out from blast furnaces since 1980.
III. Determination of Al Content Dissolved in Al-
killed Steel by Oxygen Sensor As shown in Table 1 , the predominant use of the oxygen sensor is the precise control of the soluble Al content in killed steel. The sol.Al content is limited within 0.018 ±0.003 % for keeping the good deep drawnability of the killed steel. The oxygen content dissolved in the killed steel is 10 to 20 ppm in equilibrium with so1.Al. The structure of the commercial sensor is shown in Fig. 2 by courtesy of Yamari Electronite Go., Ltd. The oxygen sensor is attached to an iron holder or sublance in a converter and dipped in molten steels in BOF's, ladles, tundishes of continuous casting and ingot moulds either by hand or by automatic dipping machines. Figure 3 shows the relation between the sol.Al content and the oxygen content determined by the oxygen sensor with the electrolyte of the one-end-closed tube of Zr02-MgO, reported by Mugita et al. in l980.9> The RH-plant data and the laboratory data coincided fairly well, and the magnitude of scattering was appreciably small. However, the data determined by the oxygen sensor were about 1.9 times larger than that estimated thermodynamically from the Al content. Thus, they could control the Al content very precisely, using the newly developed oxygen sensor. Similar results were reported by Nakamura et al. (1) where, ao : the activity of oxygen determined by the oxygen sensor. 75 % of the data can be estimated within ±0.010 % sol.Al for the molten steel stirred by Ar bubbling in the 90 t ladle.
The solid electrolyte of Zr02-MgO in the oneend-closed tube had problems on spalling by the thermal shock and the slow response and the instability of EMF at the lower oxygen content of molten steel. In the last few years, the solid electrolyte has been improved by electrolyte makers. In Table 2 , the The remarkable change of the physical properties is the decrease in the percentage of the stabilized tetragonal phase. The electrolyte with the lower percentage of the tetragonal phase has the smaller thermal expansivity and that with the higher the larger conductivity by oxygen anion. The transformation to the tetragonal phase from the monoclinic phase is very rapid owing to the rapid rise of temperature when the oxygen sensor is dipped in molten steel. Thus, the reasonable percentage of the tetragonal phase in the sintered electrolyte would be about 20 %. The improvements of the solid electrolyte have been achieved by the close control of the production process.
The rapid response of EMF with the temperature change has been obtained by a small size of the electrolyte tube because the thermal equilibrium in the oxygen sensor could be obtained rapidly. The size of the tube of the commercial oxygen sensor has been changed from 6 mm O.D. and 4 mm I.D. to be 4.5 mm O.D. and 3 mm I.D. since 1978. By this improvement, the response time until reaching the stable EMF has been shortened by 15 s. The other improvement on solid electrolyte is alumina coating on the surface. Miyashita and Mugita19~ reported that the alumina coating was especially effective for the prevention of the spalling and for obtaining the stable EMF and the rapid response.
Iv. Applications of Oxygen Sensors to Iron and
Steelmaking Slags In steelmaking process, the oxidation potential of slag is a very important parameter which is expressed by the ratio of the concentrations of ferric and ferrous oxides in the slag. The ferric and ferrous oxides will fix the local oxygen pressure in the slag by the following reaction equilibrium. Larson and Chipman20) and Timucin and Morris21~ have studied the relation among the ratio of the concentrations of ferric and ferrous oxides, the oxygen pressure and the temperature on CaO-Si02-FeOFe203 slaps. Thus, the local oxygen pressure in the slag can be used as the oxidation potential.
In the operation of a blast furnace, the concentration of FeO in the slag is used as an indicator of the state of the blast furnace.
When the slip occurs in the blast furnace, the FeO content in the slag increases and the sulfur content in pig iron also increases.
The local oxygen pressure in the slag in the blast furnace will be fixed in equilibrium by the following reaction; for the basicity of 1.0 defined by (wt%CaO)/(wt% Si02). Figure 4 shows the schematic diagram of the oxygen sensor for the slag used in plant tests. The tests were carried out for the LD converter of 100 t capacity at Hirohata Works of Nippon Steel Corp. in 1978,12) for the Q; BOP of 230 t capacity in 198013 and for three blast furnaces in 1979 to 198114) at Chiba Works of Kawasaki Steel Corp. As shown in the figure, two Pt-PtRh thermocouples were used to measure the temperature changes both in the slag and in the Cr/Cr203 reference electrode. At the end of the normal blowing operation of structural steel, the LD converter was tilted to the sampling position, and the sensor was manually dipped into the slag phase for a maximum duration of 20 s. Both the EMF of the sensor and the temperatures were recorded by milivolt recorders simultaneously. The oxygen pressure in molten steel was also measured by usual commercial oxygen sensors. Finally, spoon samples of the slag were taken for chemical analysis. In case of the Q; BOP converter, the blowing of oxygen was stopped three times, at the blowing quantities of pure oxygen of 4.5, 26 and 43 Nm3/t-hot metal, and the converter was tilted down. Then, the oxygen pressures of the slag and the steel were measured. The samples of the slag and the steel were taken by spoons. This procedure was repeated twice and the Fig. 4 .
Oxygen sensor for molten slag."
stopping of blowing was about 6 min. The sensor for slag was dipped for 20 to 40 s. The oxygen pressure in the gas phase in the Q-BOP was also measured in the up-right position of the converter with the help of the sublance for the dynamic control of the end point of the blowing. The oxygen sensor for use in the gas phase has the same construction as that shown in Fig. 4 except the naked thermocouple outside of the electrolyte. The naked thermocouple has a quick response to the gas temperature. The sensor attached to the top of the sublance was slided down to 2 m high from the bath surface and stopped at this position for 10 to 15 s. The sensors were slided down three times at the blowing quantities of oxygen of 4.3, 22 and 37 Nm3/t-hot metal. In total 32 oxygen sensors for slag were used for the experiments of 9 heats of blowing, and 29 sensors of them gave the successful measurements. Figure 5 shows an example of the response curves of temperature and oxygen pressure both in slag and in steel at three stages of blowing operation. The temperature and oxygen pressure of the steel drawn by broken lines became constant within 8 s. On the other hand, the temperature of the slag became constant after about 10 s and that of the reference electrode after 20 s. The oxygen pressure in the slag was first high but became almost constant as soon as the temperature difference between the outside and inside became less than 50 deg. The oxygen pressure in the slag was calculated from the EMF and the both of the temperatures according to the following equation. where, T1, T2 ; the temperatures of the reference electrode and of the slag, respectively. Figure 6 shows the changes in the oxygen pressure in the gas phase, in the slag phase and in the molten steel during the operation of the Q-BOP converter. Also, the temperature changes in these phases are shown in the upper part of this figure. The oxygen pressure in the slag was initially lower than that of the steel, but at the final stage, it became ten times larger than that of the steel. Figure 7 shows the relation between the ratio of wt%Fe3+ to the total iron content and the oxygen pressure. Both the oxygen pressures at the end of blowing of the LD and Q-BOP agreed very well with the estimated values for the basicity of 2.0 and 4.0, respectively, based upon the study of Timucin and Morris.21~ The chemical analysis of the slaps of the end of blowing gave the basicity of 2.6 for the LD slag and 4.5 for the Q-BOP slag. Thus, the agreement seems quite reasonable. However, the oxygen pressures of the slag measured at the initial and the intermediate stages were very much lower than the estimated values. This disagreement would be due to the fact that the slaps at these stages are not of homogeneous melts and are composed of solid particles and the melt with much gas bubbles among them. Thus, the oxygen pressure measured seems very much 
affected by that of the gas phase. From the comparison between the results in the LD and Q-BOP, one may point out that the oxygen pressure in the slag is lower than that in the steel at the end of blowing of both the LD and QBOP converters and that the difference between the oxygen pressures in the slag and steel in the Q-BOP is smaller than that in the LD. Thus, this would indicate the stronger stirring of the bath in the Q-BOP than in the LD. The oxygen pressures in slag and molten iron flowing out from the blast furnaces were measured by the oxygen sensors for slag and molten iron. After the molten iron was flown out from the blast furnace, the oxygen pressure in the molten iron was measured every 15 min behind the skimmer for separating the slag and the molten iron in the runner of the blast furnace. After about 1 h, the slag was flown out and the oxygen pressure in the slag was measured in front of the skimmer every 7 to 8 min. Samples of the slag and the iron were taken by spoons in every measurements. It took 2 to 3 h to finish one tap. Figure 8 shows an example of the response curves of the EMF and the temperature of the sensor dipped in the flowing slag. The temperatures of slag side and reference electrode side coincided with each other after . 20 s. Also, the EMF became constant after 30 s. In total 288 pieces of the oxygen sensors for molten iron and 194 pieces for slag were used for 36 taps of the blast furnaces and 94 % of the sensors for molten iron and 36 % of those for slag gave the successful measurement. Most of the unsuccessful measurements for slag were caused by the breaking down of a platinum wire due to the attack of the iron particles suspended in the slag. The oxygen pressures measured in the molten iron and slag of the blast furnaces were much lower than those in the converters for steelmaking. Thus, the partial electronic conduction of the solid electrolyte was taken into account for the calculation of the oxygen pressure from EMF. Figure 9 shows the oxygen pressures in the slag and the molten iron flowing out from three blast furnaces during October in 1977 to November in 1981. The oxygen pressure in the molten iron was the order of 10-14 atm and was few times larger than that in equilibrium with coke and CO gas in the blast furnace. Also, the oxygen pressure in the slag was ten times larger than that in the molten iron. In the upper and lower parts in Fig. 9 , the temperatures in the molten iron and slag and the silicon content in the iron are shown, which are parameters for controlling the operation of blast furnace. In June and August in 1981, many big slips occurred in the No. 5 blast furnace and the oxygen pressure in the slag were much larger than that in the molten iron. Both the FeO contents agreed fairly well within ±0.1 %. Thus, the oxygen sensor for slag can be used as a monitor of the FeO content in the slag flowing out from the blast furnace. 
Transactions ISIJ, Vol. 25, 1985 V. Long-life Sonsors for Steel in CC and for Slag in Blast Furnace Ohashi17~ developed the long-life sensor for use in molten steel in a tundish of continuous casting. Figure 11 shows the structure of the long-life sensor. The one-end-closed tube of Zr02-MgO solid electrolyte was fixed on one side of a chamotte tube by alumina cement. The long-life sensor was directly dipped in the steel. Fugure 12 shows the results of the EMF recorded continuously during 12 min after dipping into the molten steel in the tundish. Before the long-life sensor was dipped, a consumable-type sensor was dipped. The EMF of both the long-life and the consumable sensors agreed very well, indicating the oxygen content of 26 ppm.
The observation of the cross section of the electrolyte of Zr02-MgO revealed no corrosion by the slag and no microcracks. However, the reference electrode of Cr/Cr203 was sintered by partial melting and its close contact to the solid electrolyte was no more maintained. The chamotte tube supporting the sensor was remarkably attacked by the slag on the steel after 10 min.
The present authors also developed the long-life sensor for use in the slag flowing out from a blast furnace. Figure 13 shows the structure of the longlife oxygen sensor. The solid electrolyte was the oneend-closed tube of Zr02-9mol%MgO with 8 mm O.D., 5 mm I.D, and 100 mm length. A platinum wire as a slag side electrode was tied around the electrolyte tube. The platinum wire and a lead wire were covered by a larger size of a Zr02-MgO tube in order to protect them from the attack of iron particles suspended in slag. The electrolyte tube was fixed on one side of a graphite tube with 40 mm O.D. and 300 mm lenlth. A platinum mesh as a reference electrode was pushed at the bottom of the electrolyte tube by an alumina tube and springs. Air was softly blown to the Pt mesh through the alumina tube for keeping a constant oxygen pressure of 0.21 atm. The plant tests were carried out at the No. 3 blast furnace and the No. 5 blast furnace of the Chiba Works of Kawasaki Steel Corp. The long-life sensor for slag Ohashi." min in Fig. 13 . Long-life oxygen sensor for slag. Vol. 25, 1985 (211) was fixed on the iron holder and dipped in the slag in the direction of the flow of the slag in order to avoid the effect of the graphite tube. The sensor was dipped in front of the skimmer in the runner of the blast furnace for about 30 min. Figure 14 shows the temperature and the oxygen pressure in the slag measured continuously by the long-life oxygen sensors at No. 3 blast furnace on July 11, 1980 and at No. 5 blast furnace on April 17, 1981. In the latter test, the successful measurement continued for 30 min. The white circles mean the oxygen pressure and the temperature in the slag measured by a consumable-type oxygen sensor for slag. Both the oxygen pressures by the long-life sensor and the consumable sensor agreed very well. The solid electrolyte of ZrO2-MgO resisted corrosion by the slag. The Pt wire as the slag side electrode was not attacked by iron particles. The part of the graphite tube dipped in the slag little reacted with the slag but the other part exposed to air on the slag was burnt out to become slenderer. The unsuccessful measurements were caused by failure of cooling a rubber tube combined with the alumina tube for sending air.
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VI. Concluding Remarks
The present report has presented the art of new use of the oxygen sensors for molten steel and slag and for continuous measurement. The present authors believe that the art of use of the oxygen sensors is similarly developed in other countries in the world, because it seems very important to measure the oxygen pressures extensively as well as temperature from the thermodynamic viewpoint of iron and steelmaking processes. 
